Abstract. Epithelial Na + transport participates in control of various body functions and conditions: e.g., homeostasis of body fluid content influencing blood pressure, control of amounts of fluids covering the apical surface of alveolar epithelial cells at appropriate levels for normal gas exchange, and prevention of bacterial/viral infection. Epithelial Na + transport via the transcellular pathway is mediated by the entry step of Na + across the apical membrane via Epithelial Na + Channel (ENaC) located at the apical membrane, and the extrusion step of Na + across the basolateral membrane via the Na + ,K + -ATPase located at the basolateral membrane. The ratelimiting step of the epithelial Na + transport via the transcellular pathway is generally recognized to be the entry step of Na + across the apical membrane via ENaC. Thus, up-/down-regulation of ENaC essentially participates in regulatory systems of blood pressure and normal gas exchange. Amount of ENaC-mediated Na + transport is determined by the number of ENaCs located at the apical membrane, activity (open probability) of individual ENaC located at the apical membrane, single channel conductance of ENaC located at the apical membrane, and driving force for the Na + entry via ENaCs across the apical membrane. In the present review article, I discuss the characteristics of ENaC and how these factors are regulated.
Introduction
The reason why many researchers have been trying to clarify regulatory mechanisms of epithelial Na + channel (ENaC) is that ENaCs play essential roles in control of various body functions. For example, the blood pressure depends on body fluid (extracellular fluid: ECF) volume regulated by amounts of Na + reabsorption across epithelial cells in principal cells of collecting ducts of the kidney (1 -4) and colon (5 -7) . ENaCs also control the volume of fluids covering the apical surface of alveolar epithelial cells of the lung, keeping normal gas exchange across alveolar epithelial cells via regulation of Na + reabsorption in alveolar epithelial cells (8 -10) . This ENaC-mediated Na + transport also participates in maintenance of normal airway resistance and prevention of viral and bacterial infection by controlling the volume of fluids covering the apical surface of airway epithelial cells (8 -10) . Abnormal up-regulation of the ENaCmediated Na + transport causes hypertension due to overvolume of body fluid and dryness of the airway surface, leading to infectious diseases in the lung, symptoms of which are similar to cystic fibrosis (11 -14) .
ENaC was cloned 20 years ago from rat distal colon (5, 6) . Before cloning of ENaC, ENaC was functionally characterized as an amiloride-sensitive Na + channel (15) participating in active Na + transport across epithelial cells. Amiloride was found as an inhibitor of active Na + transport across epithelial cells (16) measured as a shortcircuit current (17) . After establishment of the method for measuring short-circuit currents, many investigators Characteristics and Pharmacological Regulation of Epithelial Na + Channel (ENaC) and Epithelial Na + Transport
Yoshinori Marunaka 1,2, * have been clarifying properties and regulatory mechanisms of the amiloride-sensitive Na + channel in various types of epithelial cells; e.g., Lindeman and Van Driessche have determined the channel density at the apical membrane applying noise analysis in frog skin (18) . On the other hand, patch-clamp techniques were established in the late 1970's (19) , and the technique has been applied to detect single channel currents through amiloride-sensitive Na + channels (20) . Although functional studies brought us much valuable information on amiloride-sensitive Na + channels, cloning of ENaC (5, 6) drastically changed the situation of studies on amiloridesensitive Na + channels. Various kinds of factors keep blood pressure constant by regulating the amount of body fluid, one of the most important factors controlling blood pressure. As mentioned above, the amount of ENaC-mediated Na + reabsorption across epithelial cells of the collecting duct of the kidney essentially participates in regulation of body fluid amount (1 -4) . Further, Na + reabsorption across alveolar epithelial cells regulated by various factors such as catecholamine (10) essentially controls the amount of fluid covering the apical surface of alveolar and airway epithelial cells (8) . The Na + reabsorption via transcellular pathways carrying positive charges (Na + ) across the epithelial cell layer is followed by negative charge (Cl − ) movements from the luminal (air) space to the interstitial space through generally paracellular and rarely transcellular pathways (8) . This ENaC-mediated NaCl reabsorption induces an increase in osmotic pressure of the interstitial fluid, resulting in occurrence of water movement to the interstitial space from the luminal (air) space due to an increased osmotic gradient. Thus, the ENaCmediated Na + reabsorption regulates the volume of body fluid and the amount of fluid in the lung alveolar space and the luminal surface of airway epithelia. Figure 1 The transcellular Na + reabsorption across epithelial cells is mediated by two steps as follows ( Fig. 2 ): 1) the entry step of Na + existing in the luminal (air) space across the apical membrane into the cytosolic space via ENaC (5, 6, 21) and 2) the extrusion step of Na + existing in the cytosolic space across the basolateral membrane to the interstitial space via the Na + ,K + -ATPase (22, 23) . The rate-limiting step of the transepithelial Na + transport is recognized as the ENaC-mediated entry step of Na + (23) . ENaC is one of the most essential targets for various regulatory factors controlling the volume of body/ alveolar fluids. For example, aldosterone, vasopressin (antidiuretic hormone), insulin, growth factors, and osmotic stress are known to regulate localization and activity of ENaC in addition to synthesis of ENaCs (20 -22, 24 -33) .
In this review, I discuss characteristics and molecular mechanisms of pharmacological regulation of synthesis, intracellular trafficking, and activity of ENaC and provide ideas how regulation of epithelial Na + transport is performed via direct and indirect actions of various factors on ENaC.
Epithelial Na + reabsorption
As shown in Fig. 2 , ENaC contributes to the transcellular Na + reabsorption as the entry step of Na + from the luminal (air) space across the apical membrane into the cytosolic space (5, 6, 21) and behaves as the rate-limiting step (22, 23) . The amount of Na + entry across the apical membrane through ENaCs depends on the following: 1) number (N) of ENaCs localized at the apical membrane, 2) activity (open probability, P o ) of individual ENaC, 3) single channel conductance (ɡ, code conductance) of ENaC, and 4) driving force for Na + movement between the luminal (air) and cytosolic spaces determined by the apical membrane potential (E A ) and the equilibrium potential of Na + across the apical membrane (E Na ) [see Equation (1) ; the amount of Na + entry across the apical membrane through ENaCs is represented as the Na + current (I Na )].
Alteration of at least one of the factors, N, P o , ɡ, E A , or E Na , modifies the amount of Na + transport (I Na ). I Na generated by active Na + absorption was originally defined as a negative current [see Equation (1) ; I Na has a negative value], but most recently published articles Fig. 2 . Na + reabsorption across epithelial cells. ENaCs participate in epithelial Na + reabsorption. Epithelial Na + reabsorption is mediated via two steps: 1) the entry step of Na + across the apical membrane ENaC from the luminal (air) space into the cytosolic space via, and 2) the extrusion step of Na + across the basolateral membrane from the cytosolic space to the interstitial space via the Na + ,K + -ATPase (pump). The epithelial Na + reabsorption via the transcellular pathway carries positive charges followed by negative charge (Cl − ) movements from the luminal (air) space to the interstitial space via the paracellular pathway and in some cases via the transcellular pathway depending on the apical and basolateral membrane potentials and the equilibrium potential of Cl − (ECl). The osmotic pressure of the interstitial fluid generated by NaCl reabsorption induces water movement from the luminal (air) space to the interstitial space via the paracellular and transcellular pathways. The apical membrane of principal cells of renal collecting ducts has almost no permeability to water under the basal condition (without vasopressin stimulation). In a case of vasopressin stimulation, ENaC and aquaporin move to the apical membrane from the cytosolic store site via PKA-mediated pathways. Thus, in this case, Na + reabsorption is followed by water reabsorption via the transcellular pathway.
represent the I Na measured as an amiloride-sensitive short-circuit current with a positive current. The detail of regulation of epithelial Na + reabsorption is discussed in the following section.
Regulation of epithelial Na
+ reabsorption 3.1. Regulation of number (N) of ENaCs localized at the apical membrane Number (N) of ENaCs localized at the apical membrane is regulated by: A) the insertion rate of ENaC from the cytosolic store site to the apical membrane, B) the endocytotic rate of ENaC from the apical membrane to the cytosolic store site, C) the amount of ENaCs staying in the cytosolic store site. A) The insertion rate of ENaC from the cytosolic store site to the apical membrane is regulated by various types of factors. Blazar-Yost and her colleagues have reported that insulin and insulin-like growth factor 1 stimulate insertion of ENaCs to the apical membrane (34 -36) . Butterworth et al. have reported that access of ENaCs to the apical membrane is mediated via a Rab11b-dependent pathway (37). Taruno et al. have also indicated that PI3K is involved in insertion of ENaCs to the apical membrane (28) (Fig. 1) . B) The endocytotic rate of ENaC from the apical membrane to the cytosolic store site is modulated by Nedd4-2 (38 -49) and TGF-b (50). Activity of Nedd4-2 regulated by SGK1 controls endocytosis of ENaC (38 -49) (Fig. 1) . C) The amount of ENaCs staying in the cytosolic store site is controlled by aldosterone-stimulated synthesis of ENaCs via mineralocorticoid receptor (47) and osmotic stress-induced ENaC synthesis via protein tyrosine kinase (PTK) (28, 31) (Fig. 1). 
Action of vasopressin on number (N) of ENaCs at the apical membrane
Elevation of interstitial fluid osmolarity is well known to stimulate secretion of vasopressin, which essentially plays a role in homeostasis of osmolarity of serum and interstitial fluids (51) . The most known target cells of vasopressin regarding homeostasis of body fluid osmolarity are principal cells of renal collecting ducts of the kidney. Vasopressin increases water permeability of the apical membrane of principal cells expressing aquaporin (water channel) by stimulating trafficking of aquaporin to the apical membrane via V 2 receptor located at the basolateral membrane (51) . This leads to water reabsorption from intra-tubular spaces to interstitial spaces across principal cells (51) . Vasopressin also affects the number of ENaCs expressed at the apical membrane of principal cells of collecting ducts of the kidney similar to intracellular translocation of aquaporin. We have shown that vasopressin stimulates ENaC trafficking from the cytosolic store site to the apical membrane by elevating cAMP via activation of adenylate cyclase after vasopressin binding to V 2 receptor in renal collecting duct model A6 cells, leading to an increase in number of ENaCs located at the apical membrane (Figs. 3 and 4) (20) . My observation (Figs. 3 and 4) (20) on the vasopressin-induced increase in number of ENaCs located at the apical membrane is similar to the response of aquaporin to vasopressin. However, the observation ( of ENaCs per patch membrane is 2.0 ± 0.1 (mean ± S.E.M., n = 126)]. My report (20) suggests that multiple ENaCs within a vesicle do not diffuse uniformly onto apical membrane areas after insertion into the apical membrane responding to vasopressin, but multiple ENaCs inserted together onto the apical membrane within a vesicle stably stay at an area in conjunction with each other ENaC with an anchor protein. This report (20) is the first, unique application of single channel recording techniques to determination of functional channel localization at micro membrane areas. The stimulatory action of vasopressin on translocation of ENaCs to the apical membrane from the cytosolic store site is supported by various reports (e.g., refs. 52, 53). Bugaj et al. (52) have reported the action of vasopressin on ENaCs in isolated, split-open murine renal collecting ducts. Their report (52) indicates that vasopressin increases NP o but not P o itself [see Equation (1)] within 2 -3 min after application of vasopressin via a PKA-dependent pathway using a PKA inhibitor, H89 or Rp-cAMPS. However, phosphorylation sites of ENaC are still unclear (54 -56) . In mice deficient in adenylyl cyclase type VI (AC-VI), mRNA contents of all three subunits of ENaC expressed in renal cortical collecting duct cells decrease, and expression of a and gENaC proteins is also lower compared with that in wild-type mice (49) . Further, this study (49) indicates that NP o of ENaC detected by a single channel current recording technique is not altered under the basal condition without application of vasopressin in the AC-VIknock-out mice, but no stimulatory action of vasopressin on NP o of ENaC is observed these mice. However, it is still unclear how knock-out of AC-VI decreases mRNA expression of all a, b, and gENaC subunits and protein expression of a and gENaC. Interesting points of the observation reported in the study (49) are that: 1) the knock-out of AC-VI down-regulates mRNA expression of a, b, and gENaC; 2) although the expression level of bENaC mRNA is decreased by the knock-out, the knockout of AC-VI has no effect on the expression level of bENaC protein; and 3) the knock-out has no effects on number (N) or open probability (P o ) of ENaCs located at the apical membrane without application of vasopressin. The molecular mechanism of AC-VI participating in the above-mentioned phenomena is unfortunately still unknown.
Regulation of activity (open probability, P o ) of individual ENaC
P o is mainly regulated by cleavage of the extracellular loop of a and gENaCs by proteases (57) . Kleyman and his colleagues (58) have indicated that furin, a protease localized in the Golgi apparatus, cleaves the extracellular loop of a and gENaCs, activating ENaC (an increase in P o ), although the P o of activated ENaC is still relatively low. The extracellular loop of gENaC after insertion into the plasma membrane is further cleaved by proteases existing at the extracellular space, and this type of cleaved ENaC has high P o (59) (proteases also has stimulatory action on epithelial Cl − secretion (60, 61) . Furthermore, it has been reported that insulin increases P o of ENaC, although the molecular mechanism is still unknown (25) . On the other hand, P o of ENaC is decreased by atrial natriuretic peptide via a GMP-mediated pathway (62) . Osmotic stress has been also reported to influence P o (63) , and P o of ENaC slightly increases as the membrane hyperpolarizes (20, 64) .
The single channel conductance (ɡ) of ENaC
The single channel conductance (ɡ) of ENaC is approximately 4 pS around the resting membrane potential (no application of pipette potential) (Fig. 5) (20, 64) . However, the single channel conductance (ɡ) shows slight voltage-dependency; i.e., the slope conductance of single ENaC increases slightly as the membrane hyperpolarizes (inward rectification) (Fig. 5) (20, 64) . This means that hyperpolarization of the apical membrane . The mean value of number (N) of channels per patch membrane in AVP-untreated cells is 2.0 ± 0.1 (mean ± S.E.M., n = 126). On the other hand, I observed two peaks in AVP-pretreated cells; i.e., the mean value of the first peak is 1.8 ± 0.2 (mean ± S.E.M., n = 38) channels per patch membrane, which is close to that in AVP-untreated cells, and the mean value of the second peak is 9.2 ± 0.2 (mean ± S.E.M., n = 53) channels per patch membrane. This figure is modified from increases the ENaC-mediated Na + transport by elevating the single channel conductance (ɡ) associated with increases in P o (20, 64) and the driving force for Na + entry (E A -E Na ) to the cytosolic space.
The driving force of Na
+ movement from the luminal (air) space to the cytosolic space determined by the apical membrane potential (E A ) and the equilibrium potential of Na + across the apical membrane (E Na )
The apical membrane potential (E A ) mainly depends on conductance of ENaC located at the apical membrane (Fig. 2) . Further, E A is also regulated by the basolateral membrane conductance such as conductance of K + and Cl − , although epithelial cells have apical and basolateral polarities and are electrically compartmentalized with tight junction (Fig. 6) . The basolateral membrane potential (E B ) is theoretically equal to summation of the apical membrane potential (E A ) and the potential difference across the tight junction (E TJ : the potential deviation of the luminal (air) space from the interstitial space) [see Equation (2) Electrical membrane resistances of epithelial cells are compartmentalized into three parts: 1) the apical membrane resistance (RA), 2) the basolateral membrane resistance (RB), and 3) the tight junction (paracellular) resistance (RTJ). Figure 6 shows the relationship among RA, RB, and RTJ. EA is the apical membrane potential, i.e., the potential deviation of the intracellular space from the luminal (air) space. EB is the basolateral membrane potential; i.e., the potential deviation of the intracellular space from the interstitial space. ETJ is the potential deviation of the luminal (air) space from the interstitial space. The basolateral membrane has the Na + ,K + -pump (ATPase). Summation of EA and ETJ is equal to EB. Equation (3) is expressed as Equation (6) using Equations (4) and (5) .
From Equation (6), the following equation is induced: (4) and (7), the following equation is induced:
In the equations described above, DE A is a change in the apical membrane potential (E A ), DE B is a change in the basolateral membrane potential (E B ), DE TJ is a change in the potential deviation of the luminal (air) space from the interstitial space (E TJ , the transepithelial potential) EA is the apical membrane potential; i.e., the potential deviation of the intracellular space from the luminal (air) space. DEA is a change in EA. EB is the basolateral membrane potential; i.e., the potential deviation of the intracellular space from the interstitial space. DEB is a change in EB. ETJ is the potential deviation of the luminal (air) space from the interstitial space. DETJ is a change in ETJ. The red line shows the electrical profile when EB is changed. Summation of EA and ETJ is equal to EB. Summation of DEA and DETJ is equal to DEB. B) Short-circuit current. EA is the apical membrane potential; i.e., the potential deviation of the intracellular space from the luminal (air) space. E across the tight junction (the paracellular pathway), R A is the apical membrane resistance, R B is the basolateral membrane resistance, R TJ is the tight junction resistance (the paracellular resistance), and DI is a change in I (the current through the apical membrane and the tight junction (the paracellular pathway) to the interstitial space: an outward current through the apical membrane is defined as a positive one, and also an current from the luminal (air) space to the interstitial space is defined as a positive one) (Figs. 6 and 7A ). Equation (8) indicates that DE B induces DE A depending on values of R A and R TJ . Therefore, although we should consider various conditions of tight junction, we can generally indicate that a change in E B affects the ENaC-mediated Na + transport by altering E A . Further, the ENaC-mediated Na + transport depends on E Na [see Equation (1)]. In the case of the kidney, the Na + concentration in the luminal space of collecting ducts is very variable. Further, in some cases, the cytosolic Na + concentration is variable due to the activity of Na + transporters such as Na + -HCO 3 − cotransporter, Na
− cotransporter, etc., although the Na + ,K + -ATPase (pump), in general, strictly keeps the cytosolic Na + concentration constant. In addition to the driving force of Na + movement from the luminal (air) space to the cytosolic space under the open-circuit condition (physiological condition) mentioned above, I should explain how the short-circuit condition affects the driving force of Na + movement from the luminal (air) space to the cytosolic space. In Na + -absorbing/reabsorbing epithelial cells, E TJ has a negative value under the open-circuit condition: i.e., E TJ < 0 (Fig. 7B) . Under the open-circuit condition, both E A and E B also have negative values. Therefore, |E A | is smaller than |E B |: i.e., |E A | < |E B |. Under the short-circuit condition, E A and E B are clamped to an identical potential to each other by inserting a current via an amplifier under a condition with no chemical potential difference between the liminal (air) and interstitial solutions (fluids) (Fig. 7B): i.e., E 
Thus, |DE sc A |, a factor contributing to the driving force of Na + movement from the luminal (air) space to the cytosolic space under the short-circuit condition, is larger than |E A | under the open-circuit condition, leading to Na + absorption/reabsorption being larger (over-estimation) compared with that under the open-circuit condition (Fig. 7B ).
Stoichiometry of ENaC
ENaC consists of three structurally related subunits, a, b, and g (6) . Some reports indicate that a functional unit of ENaC has a a 2 b 1 g 1 subunit stoichiometry (66, 67), while another study suggests an alternative stoichiometry (68) . At the present time, it is possibly concluded that the functional ENaC contains the same amount of b and g subunits of ENaCs, although we still have to investigate how many aENaC subunits are involved in the functional unit of ENaC. Therefore, more studies are required to conclude the stoichiometry of ENaC regarding the contribution of aENaC subunit to the functional ENaC.
Regulatory factors of ENaC
As mentioned above, I have indicated five regulatory factors of the ENaC-mediated Na + transport: N, P o , ɡ, E A , and E Na . In this section, I will discuss the actions of various hormones and other factors on N, P o , ɡ, E A , and E Na .
Action of osmotic stress on ENaC
Hypotonic stress stimulates translocation of ENaC from the cytosolic store site to the apical membrane (24, 27 -32, 69, 70 ) via a protein tyrosine kinase (PTK)-dependent manner (30) (Fig. 1) . As mentioned above, a PKA-dependent pathway mediates the action of vasopressin on translocation of ENaC to the apical membrane from the cytosolic store site (52) . Although the hypotonic action on the translocation of ENaC is mediated via a PTK-mediated pathway, the hypotonic action mimics the PKA-mediated vasopressin action. Therefore, downstream signalings of hypotonic stress and vasopressin might share a common pathway (71) . It has been recently reported that the hypotonic stress activates MAPKs (70) via a membrane-tension-mediated pathway (24, 29, 31, 33, 72, 73) . On the other hand, PKA activates K + and Cl − channels leading to cell volume change (cell shrinkage) via induction of KCl efflux-mediated water loss from the cytosolic space (10, 26, 74) (Fig. 1) . Although vasopressin primarily activates PKA but not PTK, vasopressin activates PTK via a change in membrane tension caused by activation of K + and Cl − channels in cAMP-mediated, PKA-dependent and -independent signaling pathways. This suggests that vasopressin and hypotonic stress would stimulate translocation of ENaC to the apical membrane via MAPK-mediated pathways. Further, some other PTK-mediated signaling pathways have been reported to stimulate epithelial Na + transport: i.e., activation of PTKs involved in receptors for IGF (34, 35) and EGF (75) stimulates epithelial Na + transport (36, 75 -78) . Interestingly, hypotonic stress stimulates ENaC translocation by activating PTK involved in epidermal growth factor receptor (EGFR) via a ligandindependent (ligand-free) pathway (27) : i.e., the report (27) has indicated that hypotonic stress activates a JNK/ p38-PI3K pathway via activation of RTK (receptor tyrosine kinase) involved in EGFR, leading to stimulation of ENaC translocation to the apical membrane from the cytosolic store site (Fig. 1) . Soundararajan et al. have indicated that PI3-kinase stimulates translocation of ENaC to the apical membrane from the cytosolic store site (44) . Further, PIP3 would have stimulatory effects on intracellular trafficking of ENaC (79) via a SGK1-mediated Nedd4-2 pathway stimulating endocytosis of ENaC in a PDK-dependent manner (80) (Fig. 1) . Moreover, it has been reported that hypotonicity-induced cell swelling activates protein kinase N1 (PKN1), a serine/ threonine protein kinase and a homolog of Pkc1 (73) . RhoA, a Rho family small GTP-binding protein, activates PKN1 by binding to the NH2-terminal regulatory region of PKN1 via a GTP-binding process (81) . A member of the Rho family, Rho1, is activated by a change in membrane tension via Pkc1 (PKN1)-mediated pathways (82, 83) , leading to activation of MAPK family kinases ERK1/2. Further, MAPK phosphatase, which is activated by osmotic stress, stimulates ENaC synthesis by dephosphorylating (inactivating) ERK (70) . Activation of p38 MAPK and JNK has been recognized to occur via changes in cell membrane tension (33) . As a conclusion, various types of signaling pathways are involved in hypotonic stress-induced translocation and synthesis of ENaC; PTKs and PTPs in particular play essential roles in regulation of ENaC trafficking and synthesis caused by osmotic stress (24, 31, 33, 70, 73, 81 -83) (Fig. 1) . On the other hand, regarding hyperosmotic regulation, some controversial observations have been also reported. Hypertonicity-caused cell shrinkage increases ENaC-mediated currents in Xenopus oocytes expressing abg-rENaC (rat ENaC) (84) . However, it is reported that hypertonicity-caused cell shrinkage diminishes ENaC-mediated currents (85) , and cytochalasin B completely blocks the inhibitory action of cell shrinkage on ENaC-mediated currents (85) . This report (85) suggests that actin filament polymerization mediates the cell shrinkage-induced inhibitory effect on ENaC currents. These apparently controversial observations (84, 85) would be due to different application "time" and "amplitude" of hypertonicity; i.e., Awayda and Subramanian (85) have measured currents "45 min" after application of a hypertonic solution containing 50 mM sucrose (about "25% increase" in osmolarity), while Ji et al. (84) have measured ENaC-mediated currents approximately "5 min" after application of a hypertonic solution with "80% -150% increase" in osmolarity. Further, laminar shear stress (86) and flow (87) has been reported to influence ENaC activity. The amiloride-sensitive Na + absorption across the cortical collecting duct is elevated by an increase of intraluminal flow (87) , and laminar shear stress applied to Xenopus oocytes expressing abg-mENaC (mouse ENaC) increases ENaC-mediated currents approximately 5 -10 s just after its application (86) . Further, a molecular region of ENaC sensing laminar stress is determined. abS518Kg-mENaC with a pore region mutant shows a high open probability (P o ) without showing any more activation responding to laminar shear stress (86, 88, 89) , while another mutant with a low open probability (P o ), aS580Cbg-mENaC, responds to laminar shear stress like wild-type ENaC increasing its open probability (P o ) (86, 90) . These observations (86, 90) indicate that ENaC contains a molecular pore region sensing laminar shear stress. Thus, the membrane tension directly and indirectly regulates ENaC-mediated Na + transport by affecting the number (N) and open probability (P o ) of ENaC expressed at the plasma (apical) membrane. Further, hypotonic stress induces apoptosis associated with activation of ENaC, and epoxyeicosatrienoic acids prevent the hypotonic stress-induced apoptosis mediated via inhibition of ENaC (91) , indicating that ENaC participates in induction of apoptosis.
In addition to expression of ENaCs in epithelial cells, ENaCs have been reported to be expressed in the central nervous system (CNS) (92) . ENaCs expressed in the CNS sense osmolarity of body fluid by detecting the Na + concentration of body fluid and in doing so may play an role in regulation of vasopressin release (92 -94) . Although some information on the roles of ENaC in CNS function and salt sensing mechanisms in tangs is available, further investigation is required to clarify ENaC's roles and its regulatory mechanisms in neurons including CNS and peripheral sensing sites.
Action of aldosterone on ENaC
Aldosterone mainly regulates Na + reabsorption by stimulating synthesis of two proteins, ENaC itself and SGK1, via mineralocorticoid receptor (95) (Fig. 1) . New synthesis of ENaC protein stimulated by aldosterone leads to an increase in the amount of apically located ENaCs. On the other hand, SGK1 increases the number (N) of ENaCs located at the apical membrane by phosphorylating Nedd4-2 (96-99) (Fig. 1) . The active form of Nedd4-2 is the dephosphorylated one, while the phosphorylated form of Nedd4-2 is the inactive one. Therefore, the aldosterone-induced production of SGK1 inactivates Nedd4-2 via phosphorylation of Nedd4-2 (96-99) (Fig. 1) . The active form of Nedd4-2 (dephosphorylated Nedd4-2) ubiquitinates ENaC, leading to endocytosis of ENaC from the apical membrane to the cytosolic space. On the other hand, the inactive form of Nedd4-2 (phosphorylated Nedd4-2) has no ability to ubiquitinate ENaC, leading ENaCs to remain at the apical membrane without endocytosis (96 -99) (Fig. 1) . Namely, aldosterone elevates Na + reabsorption by increasing the number (N) of ENaCs staying at the apical membrane via two pathways; 1) aldosterone directly stimulates synthesis of ENaC protein via an increase in production of ENaC mRNA, and 2) aldosterone inhibits endocytosis of ENaC into the cytosolic space from the apical membrane through diminution of Nedd4-2-mediated ubiquitination of ENaC (endocytosis of ENaC) by inactivating (phosphorylating) Nedd4-2 (96 -99) (Fig. 1) . Further, a K-Ras-dependent PI3K pathway has also been reported to be involved in the aldosteroneinduced stimulatory action on ENaC (100, 101) (Fig. 1) .
Action of cytosolic ATP on ENaC activity
ENaC is regulated by various types of kinases (48) requiring ATP for phosphorylation, which plays various roles in control of ENaC activity (NP o ) and location in the intracellular space. In addition to this information (48), we have reported that ATP itself directly acts on ENaC by measuring the activity of ENaC (NP o ) existing in excised outside-out patches (102) . In this report (102), we have indicated that run-down of ENaC activity (NP o ) to 50% of its initial activity (NP o ) occurs 5 min after making excised outside-out patches with no (0 mM) cytosolic ATP, while cytosolic ATP of 2 mM almost completely maintains ENaC activity (NP o ) at its initial value with little run-down of ENaC activity in a hydrolysisindependent mechanism at least within 5 min after making excised outside-out patches. This report (102) also provides further evidence that ATP binds to aENaC and determines ATP binding site of aENaC. Further, ATP is required for non-genomic action of aldosterone on ENaC activity (NP o ) (103).
Action of catecholamine on amloride-sensitive epithelial Na
+ transport in the lung I next discuss the action of catecholamine on epithelial Na + transport in alveolar epithelial cells of the lung. Lung epithelial cells produce transcellular Cl − secretion into future airspace of the lung (10, 104, 105) followed by Na + secretion via the paracellular pathway (8, 106) . This NaCl secretion produces an osmotic gradient across the lung epithelial cells (8) and behaves as the driving forth for fluid secretion into the lung's lumen. This fluid secreted into the lung's lumen generates a positive pressure to the lung epithelial cells from the lung's lumen, activating protein tyrosine kinase (PTK) via an increase in membrane tension of alveolar epithelial cells (107 -109) . The activation of PTK induced by the fluidgenerated increase in membrane tension plays an important role in lung development (growth) (110) . Although the secreted fluid into the lung luminal space plays an essential role in fetal lung development, the lung must remove the fluid from alveolar spaces immediately after birth for normal gas exchange (9, 10, 111) . Amiloridesensitive Na + reabsorption in alveolar epithelial cells stimulated by catecholamine (b-adrenergic agonist), secretion of which is increased by stress occurring at birth, induces clearance of the alveolar fluid at birth (10, 71, 74, 112 -115) . Thus, Na + transport (reabsorption) in the lung alveolar space plays an essential role in normal gas exchange after birth ( Fig. 1) (10, 104, 116) .
We have found two types of amiloride-sensitive Na + -permeable channels in alveolar type II epithelial cells of fetal rats (10, 74, 114, 117) . Activation of both channels by cytosolic Ca 2+ is observed in excised inside-out patches under cytosol-free conditions, suggesting that both types of amiloride-sensitive channels are activated directly by cytosolic Ca 2+ or indirectly by Ca
2+
-mediated membrane-bound regulatory factors (10, 74, 114, 117) unlike ENaCs, activity of which is diminished by cytosolic Ca 2+ -mediated PKC-dependent pathways (118 -120) . One of the amiloride-sensitive channels is a non-selective (NSC) cation channel (P Na ≈ P K : P Na , Na + permeability; P K , K + permeability) with a single channel conductance of 28 pS, but a very small permeability of Cl − (P Cl ) (P Cl /P Na < 0.02) (10, 114, 117) . The other type of amiloride-sensitive channel is a highly Na + -selective channel (P Na /P K > 10; P Na /P Cl > 50) with a single channel conductance of 12 pS (10, 114). As mentioned above, the fluid secreted into the lung luminal space plays an important role in lung development (growth) (110) , but the fluid must be removed from alveolar spaces immediately after birth for normal gas exchange (9, 10, 111) . This fluid clearance is triggered by stress at birth: i.e., stress at birth stimulates secretion of catecholamine, which increases the number (N) and activity (P o ) of NSC channels (10, 117) . The activation of the NSC channel by catecholamine is not directly mediated by PKA (71) . cAMP, the concentration of which is increased by catecholamine, activates K + and Cl − channels directly and also indirectly via a PKA-mediated pathway (10, 121, 122) (Fig. 1) . This activation of K + and Cl -channels induces KCl efflux, which reduces intracellular osmolarity leading to water efflux (Fig. 1) . The water efflux causes cell shrinkage (a decrease in cell volume) (123) associated with diminution of cytosolic Cl -concentration (74) . Cell shrinkage (123) activates PTK (71) (Fig. 1 ) via two pathways: 1) a change in membrane tension caused by cell shrinkage and 2) diminution of cytosolic Cl − concentration (10, 26, 74) . PTK activated by cell shrinkagecaused change in membrane tension would be a receptor type of PTK (Fig. 1) , and it might increase the number (N) of the 28 pS NSC channels staying at the apical membrane via a JNK/SPAK-PI3K-mediated pathway (Fig. 1) , similar to regulatory pathways in renal epithelial cells as mentioned above. Furthermore, catecholamine increases the cytosolic Ca 2+ concentration in alveolar type II cells via two pathways; i.e., cAMP-dependent and -independent pathways (124) . Catecholamine elevates the cytosolic Ca 2+ concentration by increasing Ca 2+ influx from the extracellular space via Ca 2+ channels in a cAMP-dependent manner (124) . In addition, catecholamine stimulates Ca 2+ release from the intracellular Ca 2+ store site in a cAMP-independent manner (124). The catecholamine-induced elevation of cytosolic Ca 2+ concentration transiently reaches over 1 mM, declining toward the baseline level after reaching its peak (115, 124 (31, 126 -133) . This means that Cl − should be recognized as one of important factors regulating cytosolic signaling pathways (126 -141) . Indeed, Cl − affects expression of ENaC (31, 142) . Thus, cytosolic Cl − has various effects on ENaC synthesis and localization.
Contribution of ENaC to prevention and recovery from lung edema in the lung
As mentioned above, alveolar type II epithelial cells in fetal rats express amiloride-sensitive Na + -permeable channels (143 -146) . Recent studies indicate that alveolar type I epithelial cells also express ENaCs, contributing to fluid absorption from the alveolar space to the interstitial space in adult lungs (147, 148) . Alveolar type I epithelial cells also express two types of amiloridesensitive Na + -permeable channels (104, 148) , which would play a crucial role in keeping alveolar water constant under physiological and pathophysiological conditions. In the lung, ENaCs contribute to regulation of the amount of water covering the apical surface of alveolar epithelial cells, leading to prevention from edema in the lung (8, 149) . ENaCs expressed in the lung are also regulated via pathways similar to those in the kidney.
Conclusion
Epithelial Na + transport is mediated via two steps: 1) the entry step of Na + via ENaC located at the apical membrane and 2) the extrusion step of Na + via the Na + ,K + -ATPase located at the basolateral membrane. The rate-limiting step of epithelial Na + transport is the entry step of Na + via ENaC. ENaC activity (open probability: P o ) is regulated by PKA, PTK (RTK), and PKN. Further, hypotonic stress activates the epithelial Na + transport by stimulating translocation of ENaC to the apical membrane from the cytosolic store site via activation of RTK mediated by a change in membrane tension and/or a change in cytosolic Cl − concentration without any ligand binding to receptors involving RTK. The change in localization, activity, and synthesis of ENaC controls the blood pressure and the alveolar fluid amount, maintaining homeostasis of body environments.
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